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Introduction to NSRL




NASA Space Radiation Laboratory (NSRL)

« Understanding the risks and
uncertainties from the space radiation
environment is crucial for NASA
missions:

» “In space, astronauts are exposed to
ionizing radiation that is quantitatively and
qualitatively different from terrestrial
radiation. This environment includes
protons and high-Z, high-energy (HZE)
ions together with secondary radiation,
including neutrons and recoil nuclei that
are produced by nuclear reactions in
spacecraft materials or tissue.”

- Risk of Radiation Carcinogenesis (2016)
NASA HRP Space Radiation Element




NSRL Users and Experiments:

Three main types of experiments

1. Radiobiology — Primary objective of NSRL and NASA interest in a synchrotron facility
Users often from university biomedical research labs receiving grants from NASA HRP

2. Microelectronics — Little interest in early years, now represents majority of beam hours
Users from space and defence industry

3. Scientific Measurements — a handful of experiments per year, usually detector testing
Users often from university or national physics labs
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Resonant Slow Extraction

* Thin septum (0.76 mm) at D3 + thick
septum (15.2 mm) at D6 in the Booster

« Third-integer (13/3) resonance created
by four sextupoles: C8, F8, B4, E4

« Triangular stable region in horizontal
phase space, brought closer to the
septa via local extraction bump

» Particles with turn-by-turn orbit
deviation larger than D3 septum
thickness are extracted and kicked into
D6 aperture

N
—_

—— Normal form estimate
Dispersive closed orbit

18 1
Exact symplectic integration
Extracted beam
159 e D3 septum
T 121
o
E
| /
= 9

(@)

w

y,
2 //
/!
r
y.
\ p

N

N

0

0 1 2 3 4 5
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Extracted Beam Spill

Beam is extracted over 400 ms, every 4 to
6 seconds (~10% duty cycle)
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Booster Extraction Bump




Booster extraction bump

« Local bump via back-leg windings on five Booster
main magnets: C7, D1, D4, D7, E1

« Each main magnet has 16 main windings and 2 back-
. . 2
leg windings: I;ptq; = Idipole + 1_61bump

« Bring closed orbit close to septa at D3 and D6

« Can be simulated in two ways:
 dipole field errors
 zero-length horizontal kicker in the middle of
dipoles

! Booster
07‘

‘.|I

}H' (protons) injection point

, Ion injection point

LtB



Orbit distortion via local bump

 When a bump is excited, the main magnet field B is changed, and the closed orbit solution

. . ABA
experiences a kick angle 9: 6 = Bps

 The new orbit at location s in the Booster with bump on at location k is:

O B(S)Br

x(s) = 2 sin(mv)

d
cos(|¢p(s) — ¢yl —mv) + D(S)?p

* The new angle at location s is the derivative:

Ok B

[
2 sin(mv)+/ B (s) By

x'(s) =

d
a(s) cos(|p(s) — ol — mv) + sin(|p(s) — il — mv)] + D’(s)?p

1

VB(s)

a(s) = —%,B’(s),qb(s) _ j ds
0
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Design bump strength calculation

» Strengths of the five bumps can be calculated for a design bump with
 desired location and angle at D3 and D6 septa: xp3, Xps, X'pe

« minimal residual orbit in the rest of the Booster ring: xz; = x5y =0

31\ / 0 \ DEl\

0, 0 D'k dp
03 | =|Ar[| *p3 | —| Dps |—
0, X' D6 Dpe p
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Coefficients of 6, for location x
and angle x' on previous slide




618 MeV/n Silicon

Bump simulation vs. measurement

« Single bump measurement (C7 bump = 80 Amp shown) show good agreement with simulation

« Bump defined as horizontal kicker in MAD-X, dipole field error in Bmad
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618 MeV/n Silicon

Bump design vs. Reality

« Surprise discovery: operational bump is miles away from design bump due to years of
blind tuning
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Digital Twin interface




What is digital twin (DT)?

"A digital twin is a set of virtual information constructs that mimics the structure, context, and behavior of a
natural, engineered, or social system (or system-of-systems), is dynamically updated with data from its

physical twin, has a predictive capability, and informs decisions that realize value. The bidirectional interaction
between the virtual and the physical is central to the digital twin.”

- Foundational Research Gaps and Future Directions for Digital Twins (2024)
National Academies of Sciences, Engineering, and Medicine report

Physical System with time-varying physical state

Sensor Actuator Real Traditional
— — " Accelerator Monitoring
Traditional
@ O feedback Il Controller
* I
Update digital state Predict physical state ¢
(physical to virtual) (virtual to physical) Settings: s real-to-virtual
Objective: o updater
< O f
4 \
feedback ‘\
Digital Twin with time-varying digital state VA-enhanced T
o (modeling in virtual space) {o} Controller Virtual | ( einaneed
Accelerator | Monitoring
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1 GeV/n Proton

Digital Twin for extraction bump

Extraction Bump Fitting Interface Ver 2.0 - o x
File PPM User (" )

[C? =12794A,D1=3961A,D4=-8725A,D7=7958A,E1=-89.1A } Load ||Ve bump currents

|D3 position = 5.15 mm , D6 position = -12.65 mm , D6 angle = 0.66 mrad ] 0 from real machine
. J

v

eptum (mm}: |0

Angle at D6 septum (mrad): 0

N
Simulated D3 + D6 orbit

_ info using live bumps )

Run Bmad fitting

g e N
: 251 Bump Cortot: Simulated bump orbit
° Scan time bump off (ms): [340 using live bumps
Scan time bump on (ms): 360 N g
Get Live Bump Trbit Real bump orbit
TR T | Gioar Lve Bump b measured by beam
200 0a bs pe £z e4 ee ks vz ra re ve as ad e as 82 m4 me Be & ca co o | position monitors

Save Complete Data...
B Bmad Orbit B Bmad BFM B D3 B D6 O Real orbit
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1 GeV/n Proton

Digital Twin for extraction bump

Extraction Bump Fitting Interface Ver 2.0 - o x
File PPM User Help é . )
C7=12794A,D1=3961A,D4=-8725A,D7 =7958A,E1l =-89.1A “ ~ Use Bmad to fit any
D3 position = 5.15 mm , D6 position = -12.65 mm , D6 angle = 0.66 mrad ) design bump shape
-
Position at D& septum (mm): |0
Angle at D6 septum (mrad): |0 (" )
Send calculated bump
Run Bmad fiting . currents to real machine )
\ Reinit Bmad to live settings/
< SR Time stamps in Booster
> ((“ean tmebump o s 550 ) cycle used to measure
| Scan time bump on (ms): |360 bu mp Orblt )
i : Get Live Bump Orbit
oo E \ Clear Live Bump Orbit / Save SimU|ated and
D2 D

measured data

4 D6 D8 E2 E4 E6 EB F2 F4 F6 FB A2 A4 A6 A8 B2 B4 B BB C2 C4 Co C8
Save Complete Data...
B Bmad Orbit B Bmad BFM B D3 B D6 O Real orbit
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Digital Twin for extraction bump

Bump setting interface

c7 D1 D4 D7 El

1/0.0
2/705.0
3/710.0
4/1375.0
5/1395.0

6/2000.0

70.0

time (ms)

0.0
0.0
63.683
63.683
0.0

0.0

Current (A)

52.5

rrent (A)

35.0

17.5

500.0 1000.0
time (ms)

1500.0 2000.0

Revert to current settings

Set bumps to live {use Caution!!)

370 MeV/n Silicon

« Booster magnet currents are time-dependent
« Bump currents are only turned on during NSRL

extraction

 Full bump setting interface allows changes to both
timing and current

« For normal operation, timing stays the same, fast
setting interface allows changes to only current

fast Bump setting interface X

Bump currents to be sent:

C7 =63.69 A
D1 =9238A
D4 =-24.24 A
D7 =47.63 A
El =-89.36 A

I

Set bumps to live (use Caution!!)

I
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DT-assisted bump tuning

1 GeV/n Proton

« Optimize operational bump by minimizing the residual orbit across the Booster ring

Extraction Bump Fitting Interface Ver 2.0

- a x

File PPM User

Orbit {(mm)

C7=5442A,D1=132A,D4=-870A,D7=6246A,E1 =-169.34 A
D3 position = 5.14 mm , D6 position = -12.66 mm , D6 angle = 0.66 mrad

4 D6 D8 E2 E4 E6 E8 F2 F4 F6 FB A2 A4 A6 AB B2 B4 B6

m Bmad Orbit ®m Bmad BPFM m D3 m D6 O Real orbit

B8 C2 C4 C6 C8

Help

Position at D3 septum (mm): |5.15

Position at D6 septum (mm): |-12.65

Angle at D6 septum (mrad): 0.66

Run Bmad fitting

Reinit Bmad to live settings

Set Bump Currents...

Scan time bump off (ms): |340

Scan time bump on (ms): 360

Get Live Bump Orbit

Clear Live Bump Orbit

Save Complete Data...
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1 GeV/n Proton

DT-assisted bump tuning

« Minimal change in intensity and spill for optimized bump with minimal residual orbit
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DT-assisted bump tuning

« Difficulty in recovering original design bump
« Lack of BPMs around the two septa
« D3 has been moved away from design location
« D6 flag was not operational — now fixed

Extraction Bump Fitting Interface Ver 2.0 - o X
File PPM User Help IV_ebic.avt75.20250903_173425863947.png - o x
- e ~ } Parameter Value
C7=-2807A,D1=78.04A,D4=-2007A,D7=69.86A,E1=-1408A HCAYLRIA g™ / - Control
. . i X Image# 1
D3 position = 6.0 mm , D6 position = 5.01 mm , D6 angle = -1.2 mrad EostonpnsienmmimmE] 5 4000 |- Pause v
Next
10.0 N Prev
Position at D6 septum (mm): |5 FirstFile%
LastFile% 99
saving
3000 [
Angle at D6 septum (mrad): |-1.2 View saved
Threshold -le+03
Gpm/LogView
6.5 Normalize v
Run Bmad fitting R o
2000 [~ » Configuration
» Analysis
Reinit Bmad to live settings ) SpotFinder
- * Ref Images
E » For Experts
= 30 Set Bump Currents... Help
= 1000 - Exit
=
=
=]
Scan time bump off (ms): 340
L S -~ i i o L
05 /. 4 e ~ 4 g ® N\ Scan time bump on (ms): |360 o

Get Live Bump Orbit
2000

0 200 400 600 800 1000 1200 1400
Clear Live Bump Orbit 81

-4.0
D2 D4 D6 D8 E2 E4 E6 EB8 F2 F4 F6 F8 A2 A4 A6 A8 B2 B4 Be6 B8 C2 C4 C6 C8

vY
® Bmad Orbit mBmad BFM W D3 W D6 O Real orbit EveCompleteiDaiar L | wistory. | |Exceptions..
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NSRL Beam Line




NSRL beam line

* Nine quadrupoles, three dipoles (20 degree), two octupoles, four multi-wires
« Designed to be achromatic after the 20-degree bend

» Two octupoles create uniform square beam at the target

D6 septum
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480 MeV/n Iron

Uniform beam with octupoles

position (cm)
—15 —10 —5 0 5 10 15

RMS deviation = 1.88%

« Uniformity is defined as the RMS
deviation from the average beam
intensity in the center uniform region

|

—

 Uniformity of < 5% is provided for
NSRL experiments
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180 MeV/n Silicon

Digital Twin for NSRL line

4

NSRL Line Bmad Model Ver 1.0 - o x
Fle PPM Help Initial beam parameters
Si11 180MeV SEELibSM Initial Parameters used by model
6eta_a 450 |2 m \
beta b |6.10 T m
E- alpha a |-0.75 |+ rad L.
alpha b [085 5| rad Currents and polarities
H | [ aemit (800 [/ mm-mrad of quadrupoles from live
B P \\b_e\mlt — mm_mradj maChIne
=0 o1 02 03 04 :0:5 :0:6 o7 o8 09 | agne Polarity
\ W Dispx BDispy MOl W02 j ﬁ::; Dﬂli\
MW 302 Profile v Retrieve live data rq3 32578 | polA SImUIated dlspe rSIOn Of
4 (33127 2/ polB NSRL line using live
- - rgs |206.00 |2 polA maCh|ne Info
E E rqé | o0.00 - polA
£ £ rq7 |125.01 |%|| polB
E E rq8 |137.01 % polA .
£ = [ EREEN | e @ [ pos Simulated vs. real
o tcm) o RS aee T se Thwee ol | ol o )R transverse beam profile
position (cm position (cm =
W Horiz. Profile ® Horiz. Data O Vert. Profile ® Vert. Data QCtz o - DOIA/ at MW3O2
Apply to model Revert to Live

NSRL Line Bmad Model Ver 1.0

NSRL user 8, species: 5ill, requested energy: 180MeV, beam type: SEELIbSM

Extraction sampling time: 1045.0 ms 25
Finished updating Bmad model =




Summary

K

NSRL is a unique facility that utilizes slow extraction to provide high quality heavy-ion
beam for industry and academia to conduct space radiation testing

Booster extraction bump plays a key role in the slow extraction process, but years of
empirical tuning has shifted the operational bump very far away from design

We developed and tested a complete digital twin system for the extraction bumps, with
bidirectional interaction between physical and virtual machines.

Future bump tuning will be easier and more streamlined with the help of DT

DT for NSRL line also under development, will facilitate beam uniformity optimization

Brookhaven

National Laboratory
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